Abstract. Interactions among predators can a have substantial effect on the total impact of the predator complex. We investigated the interaction between foliar-foraging (Coccinella septempunctata) and ground-foraging (Harpalus pennsylvanicus) predators of the pea aphid (Acyrthosiphon pisum) in a series of laboratory and field experiments. The intensity and direction of the interaction were determined by comparing the combined and individual impacts of both predators.
INTRODUCTION
Although most organisms are attacked by several predator species, predator-prey theory has historically focused on interactions between individual prey and predator species (Holling 1966 , Hassell and May 1973 , 1974 , Beddington et al. 1978 , Hassell 1978 , Kareiva 1994 . Only recently has the theoretical literature on predator-prey interactions expanded to include multiple predator effects on prey behavior and population dynamics (Mullen 1984 , Kerfoot and Sih 1987 , Polis et al. 1989 , Strauss 1991 , Kotler et al. 1992 , Lima 1992 , Sih 1992 , Soluk 1993 , Kareiva 1994 . Nevertheless, the theory concerning predator-predator interactions and their consequences for prey population dynamics is still a relatively new and rapidly evolving area of ecology (Kareiva 1994) .
In agricultural systems, the use of natural enemy complexes, as opposed to a single enemy strategy, has been a controversial issue in the management and biological control of pests (Ehler 1990, Benrey and Lamp 1994) . There are cases in which enemy complexes provide enhanced pest suppression (Frazer et al. 1981, Manuscript received 18 November 1996; revised 27 August 1997; accepted 5 September 1997; final version received 6 October 1997.
1 Present address: Department of Entomology, Comstock Hall, Cornell University, Ithaca, New York 14853-0999 USA. Kenmore et al. 1984 , Ooi 1988 , Murdoch 1990 , Dö bel and Denno 1994 , but there are other instances in which predator complexes are less effective in reducing pest populations (Rosenheim et al. 1995) . One common theme from these studies is the paucity of information concerning the details of multiple predator interactions. Thus, understanding how a complex of predators interact to influence herbivore populations is of vital importance for both population ecology and integrated pest management.
Predator-predator interactions can be categorized on the basis of their effects on each predator and their subsequent effects on prey behavior and population dynamics (Kerfoot and Sih 1987 , Polis et al. 1989 , Soluk 1993 . Four categories of potential interaction between two predator species can be established: (1) noninteractive predators, (2) predators that attack and kill each other, (3) predators that influence either the foraging behavior or foraging range of another predator, and (4) predators that influence prey behavior and thus affect prey susceptibility to other predators. If two predators do not interact, then their combined impact on the prey population will be additive and simply equal the sum of their individual impacts. If one predator species kills (''intraguild predation'' [Polis et al. 1989 ]) or interferes with another predator's foraging behavior (Jeffries 1990, Lima and Dill 1990) , the en-JOHN E. LOSEY AND ROBERT F. DENNO emy interaction is antagonistic and fewer prey than expected will be killed by their combined action (Free et al. 1977 , Polis et al. 1989 , Rosenheim et al. 1993 , Dö bel and Denno 1994 . If such ''top-down'' effects are strong, they may cascade through food webs to affect trophic structure (Oksanen et al. 1981 , Hunter and Price 1992 , Power 1992 .
In contrast, predator species can also interact synergistically in a phenomenon termed ''predator facilitation'' (Charnov et al. 1976 ). Such synergistic interactions occur when the foraging activity of one predator species alters the behavior or feeding niche of the prey, making it more susceptible to attack by another predator species (Charnov et al. 1976 , Soluk and Collins 1988 , Soluk 1993 . Synergistic or facilitative interactions result in the complex of predator species killing more prey in combination than the sum of their individual impacts (Soluk 1993) . In most cases of predator facilitation, one predator species drives the prey from one habitat and another predator hunts the fleeing or displaced prey (Moynihan 1962 , Hartley 1964 , Hobson 1968 , Zaret and Paine 1973 , Rahel and Stein 1988 , Soluk and Collins 1988 , Soluk and Richardson 1997 . Insects are the prey in most known cases of predator facilitation. Although most of the known examples of facilitation involve vertebrate predators both driving the prey from the primary habitat and hunting for it in the new habitat, there are at least two systems where arthropods take on the predatory ''driver'' role (Willis 1966 , 1969 , Soluk and Collins 1988 , Soluk and Richardson 1997 . In one of the best known cases of predator facilitation, insects jump or fly from the forest floor to escape from bivouacking army ants and are subsequently preyed upon by birds, which follow the ant columns (Willis 1969) . In an aquatic system, stonefly larvae have been shown to drive mayflies from the undersurface of stones and into exposed situations where they are more susceptible to fish (Soluk and Collins 1988) . Note that in both these examples the prey insects driven from their primary habitat by arthropods are hunted in the new microhabitat by vertebrates. There are no reported instances of arthropod predators attacking prey displaced by predatory drivers or of synergism between two arthropod predators. Demonstrating such synergistic interactions among arthropod predators, and determining the mechanisms that underlie them, may provide new insight into the regulation of herbivore populations and offer opportunities for improved pest management.
The two key elements for synergistic interactions, prey escape through habitat switching and the presence of predators in both habitats, are prevalent in arthropod predator systems (Soluk and Collins 1988, Soluk 1993) . One of the most common defensive behaviors of herbivorous insects is to drop or jump from their host plant in response to the activities of a foliar-foraging predator (Gross 1993) . Such dropping behavior results in a habitat shift whereby the herbivore falls from the plant to the ground and consequently becomes susceptible to ground-foraging predators Myers 1979, Gross 1993) . Both foliar-foraging and ground-foraging predators are abundant in many natural and agricultural habitats (Pimentel and Wheeler 1973 , Frazer et al. 1981 , Kenmore et al. 1984 , Gutierrez et al. 1990 , Dö bel and Denno 1994 .
Aphids (Homoptera: Aphididae) and their predators are ideal candidates for investigating predator facilitation. Many aphid species exhibit a very strong dropping response in the presence of foliar-foraging predators, often involving the use of alarm pheromones (Dixon 1958 , Nault et al. 1973 , Montgomery and Nault 1977 , Roitberg and Myers 1978 , McConnell and Kring 1990 , Losey and Denno 1997 . Furthermore, both foliar-foraging and ground-foraging predators are abundant in aphid habitats (Pimentel and Wheeler 1973 , Frazer et al. 1981 , Loughridge and Luff 1983 , Dixon 1985 , Edson 1985 , Gutierrez et al. 1990 , Hacker and Bertness 1995 . The high propensity of aphids to drop from the plant and the presence of predators both on plants and on the ground suggests great potential for synergism between ground-and foliarforaging predators when aphids are the prey.
Recent research in alfalfa has shown that groundand foliar-foraging predators and aphids are abundant and overlap phenologically (Losey 1996) . Foliar-foraging predators in alfalfa have also been shown to induce dropping behavior in aphids, which renders them susceptible to ground-foraging predators Myers 1978, Losey and Denno 1997) . Using the pea aphid (Acyrthosiphon pisum Harris) and its beetle predators in alfalfa, this study tests whether synergistic predator-predator interactions occur, and whether they are caused by the antipredator behavior of the shared aphid prey species. We focus primarily on the most common foliar-foraging predator in alfalfa, C. septempunctata, and the most common ground-foraging predator, H. pennsylvanicus. C. septempunctata is regarded as one of the most important aphid predators in alfalfa (Frazer et al. 1981) and H. pennsylvanicus exhibits similar aphid consumption rates (Losey 1996) . Our specific objectives were: (1) to determine if the presence of a foliar-foraging predator increases the consumption of aphids by ground-foraging predators, (2) to assess the individual and combined ability of foliar-foraging and ground-foraging predators to suppress aphid populations, and (3) to determine the effect of aphid density on the interaction between foliar-foraging and groundforaging predators. This study seeks the first evidence for synergistic interactions among arthropod predators.
METHODS

Interaction between foliar-foraging and ground-foraging predators: effects on aphid mortality in the laboratory
The possibility of interactive aphid suppression between the foliar-foraging predator Coccinella septem-
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punctata and the ground-foraging predator Harpalus pennsylvanicus was assessed in alfalfa mesocosms in the laboratory. The experiment was a randomized complete block (2 ϫ 2 factorial) with predation from a foliar forager (C. septempunctata present or absent) and predation from a ground forager (H. pennsylvanicus present or absent) as the factors. Prey densities (30 aphids/ stem) and predator densities (0, 1, or 2 beetles/mesocosm) fall within those commonly found in alfalfa fields in the region (Hellman et al. 1993) . Each treatment combination was replicated 11 times. Replicates were blocked by date, with multiple replicates per block on some dates. The blocking schedule was: two replicates per date on 27 September, 11 and 12 October, and one replicate on 2 and 8 October 1993.
Experiments were conducted on caged alfalfa sprigs (15 cm in height) potted in moist sand. This arrangement simulated the natural surface for ground-foraging predators and for fallen aphids. Cages consisted of plastic cylinders (20 cm in height and 12 cm in diameter) with organdy-mesh tops. Cages were pushed into the sand-filled pots (15 cm diameter), forming a seal at ground level. Each cage was ringed on the inside with the slippery material Fluon (Northern Products, Woonsocket, Rhode Island) 1 cm from the ground surface, to prevent aphids from climbing the walls of the cage.
Thirty pea aphids (fourth and fifth instar nymphs) were placed in each cage by brushing them onto the alfalfa sprig. Following a 12-h settling period for the aphids, the four predator treatments were applied ([1] no predator control, [2] one adult C. septempunctata alone, [3] one adult H. pennsylvanicus alone, and [4] one adult each of H. pennsylvanicus and C. septempunctata). Aphids and predators were allowed to interact for 24 h, after which predators were removed and the remaining aphids were carefully aspirated and counted. Aphid mortality was determined by subtracting the number of aphids remaining at the end of the exposure period from the initial density of 30 aphids/ cage.
Interactions were tested by comparing observed and expected predation rates for both predators in combination. Expected values were generated within blocks by adding the probabilities of being eaten by each predator from the individual predator treatments, and subtracting the product of those probabilities (Soluk 1993) . Based on previous findings of a positive interaction between these predator guilds (Losey 1996) expected and observed values were compared with a one-tailed, paired t test. Means are presented with unpooled standard errors to illustrate trends in variance.
Effect of prey density on the interaction between ground-foraging and foliar-foraging predators
The effect of aphid prey density on the interaction between the foliar-foraging predator C. septempunctata and the ground-foraging predator H. pennsylvanicus was assessed in alfalfa mesocosms in the laboratory (see Methods: Interactions . . . laboratory, above). The experiment was designed as a randomized complete block (3 ϫ 5 factorial) with three predator treatmentspredation from the foliar forager C. septempunctata, predation from the ground forager H. pennsylvanicus, or predation from both predators-and five prey densities (5, 10, 20, 40, and 80 late instar aphid nymphs/ cage) as factors. Each treatment combination was replicated eight times. Replicates were blocked by date with multiple sets of replicates per block on some dates. The blocking schedule was: one replicate on 22, 27 August and 1, 12, and 16 September, two replicates on 25 August, and a partial replicate with only the two highest densities on 17 October 1994. Predator-free treatments were not included because aphid mortality in the predator-free control treatment in the single-density experiment was not significantly different from zero (see Soluk 1993) . The intensity and direction of the interaction between predators was tested for each prey density as outlined for the single density experiment. Means are presented with unpooled standard errors to illustrate trends in variance.
Interaction between foliar-foraging and ground-foraging predators: effects on aphid population size and growth in the field
The independent and combined impacts of a foliarforaging predator (C. septempunctata) and a groundforaging predator (Philonthus sp.) on aphid population size and growth were assessed in an alfalfa field between 28 June and 5 July 1995 at the Central Maryland Research and Education Center, Beltsville, Maryland. The experiment was a 2 ϫ 2 factorial with predation from a foliar forager (C. septempunctata present or absent) and predation from a ground forager (Philonthus sp. present or absent) as the factors. Each treatment combination was replicated eight times. Using the identical design, the experiment was repeated between 12 and 19 July 1995 using H. pennsylvanicus as the ground-foraging predator.
All treatments were established in cylindrical cages (60 cm in height ϫ 25 cm diameter) constructed of an aluminum wire frame and covered with organza fabric. Cages were pushed into the soil and anchored tightly with tent stakes to prevent the escape of predators. Prior to stocking, arthropods on the foliage within and around each cage were removed using a D-vac suction sampler.
Each cage was stocked with a mix of 30 late instar and adult pea aphids (from a laboratory colony) by sprinkling them over the alfalfa foliage. Following a 1-h settling period one of the four predator treatments was applied. Treatments consisted of a predator-free control, a foliage-foraging predator treatment (three adult C. septempunctata), a ground-foraging predator treatment (three adult Philonthus), and a combination treatment (three adult C. septempunctata plus three adult Philonthus). Based on the low number of aphids surviving in this experiment, we reduced the density of each predator species from three to two (two adult C. septempunctata and two adult H. pennsylvanicus) when repeating the experiment using H. pennsylvanicus as the ground-foraging predator. Once predators were added, the caging material was tied off at the top of the cylinder.
Following application of the predator treatments, aphids and predators were allowed to interact for 7 d, a time period slightly longer than one full aphid developmental period (ϳ6 d) (Flint 1985) . Subsequently, the final size of the aphid population was determined by aspirating all aphids from each field cage. The effect of predation from foliar foragers, predation from ground foragers, and their interaction on the final aphid population size were analyzed using ANOVA. Leastsquares means were compared using a t test at a Bonferroni-adjusted experimentwise ␣ ϭ 0.05 (SAS Institute 1990). Due to heteroscedasticity, aphid numbers were transformed (natural log) prior to analysis. Log transformation of the data also allows for testing of the correct dynamic model for population change (Billick and Case 1994) . Means are presented with unpooled standard errors to illustrate trends in variance.
Inclusion and exclusion of ground-foraging predators: effects on aphid population growth in alfalfa
The effects of ground predators (H. pennsylvanicus) on the population growth of pea aphids was measured in small (0.7-m 2 ), exclosure/inclusion rings in an alfalfa field between 5 and 19 August 1995 at the Central Maryland Research and Education Center, Beltsville, Maryland. Plots received aphids and one of three ground-foraging predator treatments randomly applied to plots: (1) predator-exclosure rings with ground-foraging predators excluded, (2) rings stocked with three adults of the ground-foraging carabid H. pennsylvanicus, or (3) open ring controls which allowed access to ambient ground-foraging predators. Each treatment was replicated seven times. Because all rings were open at the top, foliar-foraging predators were free to enter and to leave the rings. Thus, the possible interactive effects of ground predators with foliar-foraging predators were assessed by comparing aphid population growth between rings with H. pennsylvanicus excluded (ϭambient foliar predator effects only) with H. pennsylvanicus included (ϭinteractive effects of ambient foliar predators and impounded ground predators). The open ring treatment allowed for an assessment of the interactive effects of ambient foliar predators with ambient ground predators.
Exclosure rings were constructed of plastic polyvinyl chloride (PVC) sheeting (0.635 mm thick) and measured 15 cm in height ϫ 1.13 m in diameter. A 10 cm wide cloth skirt was cemented around the bottom edge of each ring. Rings were placed in the field and skirts were buried to prevent movement of ground-foraging predators. All exclosure rings were secured to the ground with metal stakes. Open ring controls were half the height of exclosure rings (7.5 cm) and they were suspended 7.5 cm off the ground with metal stakes to allow free access to ambient predators.
To establish equal initial aphid population sizes, all arthropods were removed from each ring was with a D-vac suction sampler. Each ring was then stocked with ϳ500 early instar pea aphids. Following one hour for aphid settling, all predator treatments were applied. Aphids and predators were allowed to interact for 14 d, a time period slightly longer than one pea aphid generation (Flint 1985) . The final aphid population size and the density of all predators were determined by vacuuming all aphids from the plots with a D-vac suction sampler. The effects of ground-predator enclosure, ground-predator exclosure, and exposure to the ambient fauna of ground-foraging predators on the final aphid population size were determined using ANOVA. Least-squares means were compared using a t test at a Bonferroni-adjusted experimentwise ␣ ϭ 0.05 (SAS Institute 1990).
The ambient density of pea aphids and pooled foliarforaging predators and ground-foraging predators (mostly H. pennsylvanicus) were determined from sweep-net and pitfall samples, respectively. Five sweep net samples, each consisting of 10 sweeps with a standard net (91 cm diameter) were taken on 10 August 1995 from randomly selected locations throughout the same alfalfa field. The pooled total of foliar predators was obtained for each sample by summing the number of coccinellid larvae and adults, predatory heteropteran nymphs and adults, ants, chrysopids, spiders, phalangids, and syrphids.
The relative density of ground-foraging predators, mostly H. pennsylvanicus, was estimated using 20 pitfall traps placed randomly (Ͼ10 m apart) in the same alfalfa field (7-10 August 1995). The trap consisted of a 237-mL plastic cup that fit into a sleeve of PVC pipe (12 cm in height and 9 cm in diameter) buried so that its top edge was flush with the surface of the ground. Traps were half filled with 70% ethanol and were emptied at the end of the three-day sampling period. The cumulative total of the most abundant ground-foraging predator, H. pennsylvanicus, was determined for each trap. Densities (mean Ϯ 1 SE) of pea aphids, pooled foliar-foraging predators, and H. pennsylvanicus were determined as a reference for ambient arthropod densities during the predator exclusion/inclusion experiment.
RESULTS
Interaction between foliar-foraging and ground-foraging predators: effects on aphid mortality in the laboratory
There was a significant interaction effect of foliarforaging predators and ground-foraging predators on the PREDATOR-PREDATOR INTERACTIONS FIG. 1. Effect of predation by a foliar forager (Coccinella septempunctata), predation by a ground forager (Harpalus pennsylvanicus), and predation by both predators (C. septempunctata plus H. pennsylvanicus) on consumption of pea aphids (Acyrthosiphon pisum). Note that more aphids are consumed in the combination treatment than would be expected based on the sum of the foliar and ground predators when tested separately.
FIG. 2.
Effect of aphid-prey density and predator treatment on the consumption of prey aphids. The three predator treatments were: (1) foliar-foraging predator only (Coccinella septempunctata), (2) ground-foraging predator only (Harpalus pennsylvanicus), and (3) both predators in combination (C. septempunctata plus H. pennsylvanicus). Also shown is the expected effect based on the sum of the foliar and ground predators acting in isolation.
daily consumption rate of pea aphids (P ϭ 0.004; Fig.  1) . Specifically, the presence of the foliar-foraging predator Coccinella septempunctata enhanced the aphid consumption rate of the ground-foraging predator Harpalus pennsylvanicus (Fig. 1) . The difference in the contribution of ground-foraging predators to total aphid consumption is illustrated by the contrast in slope between treatments with and without the foliar-foraging C. septempunctata. In the absence of foliar-foraging predators, the addition of ground-foraging predators increased aphid mortality from 2.19 to 2.82 aphids·cage 
Effect of prey density on the interaction between ground-foraging and foliar-foraging predators
The two predators exhibited very different functional responses to changes in prey density (Fig. 2) . C. septempunctata exhibited a Type II functional response, with predation rates rising quickly in the lowest densities and leveling off between the highest densities. Predation rates by H. pennsylvanicus alone changed very little at the lowest densities but increased rapidly between 20 and 80 aphids·cage Ϫ1 ·d Ϫ1 . Based on these individual patterns, the expected predation rate for the two predators combined increases only slightly between 40 and 80 aphids·cage Ϫ1 ·d Ϫ1 . Predation rates observed in the combination treatment increased in a nearly linear pattern as prey density increased. Thus, the difference between the expected and observed combined consumption rates increases with increasing prey density.
There was no significant interaction between the predators at the three lowest aphid densities of 5 (P ϭ 0.138), 10 (P ϭ 0.364), and 20 (P ϭ 0.099) aphids·cage Ϫ1 ·d Ϫ1 , but there was a significant interaction at the two highest densities of 40 (P ϭ 0.036) and 80 (P ϭ 0.032) aphids·cage Ϫ1 ·d Ϫ1 (Fig. 3 ). This implies a density-dependent pattern to the interaction between the predators, with the intensity of the interaction increasing as prey density increases. However, care must be taken in the interpretation of these results because C. septempunctata alone consumes virtually all of the prey at the lower densities (Fig. 2) , which makes it less likely that a quantifiable interaction could be observed.
Interaction between foliar-foraging and ground-foraging predators: effects on aphid population growth in the field
There was a significant interaction effect between H. pennsylvanicus and C. septempunctata on final aphid population size (F 1,12 ϭ 5.75, P ϭ 0.023), but there JOHN E. LOSEY AND ROBERT F. DENNO   FIG. 3 . Difference between the observed number of aphids eaten by C. septempunctata and H. pennsylvanicus in combination and the expected sum of aphids eaten by C. septempunctata and H. pennsylvanicus when tested separately (mean ϩ 1 SE). The difference between the observed and expected aphid consumption rate magnifies with an increase in aphid density. Thus, the interaction between the predators is dependent on prey density. Asterisks (*) denote significant interactions (P Ͻ 0.05) between predators. was no interaction effect between C. septempunctata and Philonthus sp. (F 1,12 ϭ 0.33, P ϭ 0.571) ( Table 1 ; Fig. 4A, B) . In both experiments, there was no significant difference between the final aphid population size when the ground predator was present alone compared to the control treatments in which no predators were present. Thus, in the absence of foliar-foraging predators, neither ground-foraging predator had a significant effect on aphid population size. To determine the impact of the ground predators in the presence of foliarforaging predators, the combination treatment can be compared with the treatment comprised of only the foliar predator C. septempunctata. When H. pennsylvanicus was the ground predator, the final aphid population size was significantly smaller in the combination treatment than in the treatment with only C. septempunctata (Fig. 4A) . Hence, the impact of H. pennsylvanicus on aphid population growth was enhanced by the presence of C. septempunctata. In contrast, when Philonthus sp. was the ground predator, the final aphid population size in the combination treatment with C. septempunctata and the treatment with only C. septempunctata were not significantly different (Fig. 4B) . Although there was no significant interactive effect between Philonthus sp. and C. septempuncatata, there was a significant effect of Philonthus on the final aphid population size (Table  1) .
Inclusion and exclusion of ground-foraging predators: effects on aphid population growth in alfalfa
The presence of ground-foraging predators had a significant impact on the growth of aphid populations in the field (F 2,19 ϭ 7.19, P ϭ 0.005; Fig. 5 ). The opentop rings used in this experiment allowed free access of foliar-foraging predators. Consequently, this result confirms that in the presence of foliar predators, ground-foraging predators can have a significant impact on aphid population size. Both the open-ring treatment (free access to ambient ground-foraging predators) and the ground-predator enclosure treatment had significantly lower aphid population sizes (11 Ϯ 2 and 9 Ϯ 2 individuals/ring, respectively) than the exclosure treatment, which excluded ground-foraging predators (60 Ϯ 17 individuals/ring) (P ϭ 0.005 and P ϭ 0.004, respectively).
Throughout the duration of this experiment, ambient numbers of foliar-foraging (17 Ϯ 3 individuals per sweep sample [mean Ϯ 1 SE]) and ground-foraging predators (H. pennsylvanicus; 25 Ϯ 3 aphids per pitfall) were high in the alfalfa field. Ambient pea aphid densities were fairy low, averaging only 5 Ϯ 3 individuals per sweep sample.
DISCUSSION
The results of both laboratory and field experiments provide strong evidence for a synergistic interaction between foliar-foraging and ground-foraging predators in their ability to suppress pea aphid populations in alfalfa. Together, foliar foragers and ground foragers . Effect of four predator treatments on the population size of pea aphids caged for 1 wk in an alfalfa field at Beltsville, Maryland. Cages were initially stocked with 30 aphids each. In part A, the four predator treatments were (1) a predator-free control, (2) ground predators only (Harpalus pennsylvanicus), (3) foliar predators only (Coccinella septempunctata), and (4) a combination of foliar plus ground predators (C. septempunctata and H. pennsylvanicus). In part B, the four predator treatments were (1) a predator-free control, (2) ground predators only (Philonthus sp.), (3) foliar predators only (Coccinella septempunctata), and (4) a combination of foliar plus ground predators (C. septempunctata and Philonthus sp.). Least-squares means (Ϯ1 SE) with different lowercase letters are significantly different (Bonferroni-adjusted experimentwise ␣ ϭ 0.05). kill many more aphids than is expected based on their additive consumption rates. Moreover, this interaction is intensified at high prey densities, a pattern that has been cited in aquatic systems with mayflies and their stonefly and fish predators (Soluk 1993) . The mechanism underlying this predator-predator interaction is the dropping behavior of pea aphids Myers 1978, Losey 1996) . In the presence of foliar-foraging predators such as Coccinella septempunctata, pea aphids fall to the ground where they become vulnerable to attack by ground-foraging predators. As in other predator facilitation systems (e.g., Soluk 1993 , Willis 1969 , this relationship seems to be asymmetrical. We found no evidence for a corresponding increase in susceptibility of aphids to foliar-foraging predators attributable to ground-foraging predators.
In addition to the quantification of the interaction between predators in the laboratory, this study also shows that ambient levels of ground-foraging predators in the field can have a dramatic impact on aphid population size via synergistic interactions with foliar predators (Fig. 5) . When ground foragers were excluded, aphid populations were large compared to treatments in which ground foragers had free access or were experimentally included.
The reason for the dissimilar results between the two experiments involving different ground-foraging predator species was likely attributable to the difference in predator density. The experiment involving Philonthus sp. was conducted in the spring using three foliar and three ground predators per cage. These predator densities may have been too high, resulting in severe reduction of the aphid population and the masking of any synergistic effect between foliar and ground predators. Based on this observation, predator densities were reduced to two predators per cage for the fall-season experiment with Harpalus pennsylvanicus as the ground-foraging predator. Alternatively, differences in the results for the two ground-foraging predators could be explained if Philonthus sp. occasionally climbed plants and foraged in the foliage. Such plant climbing would give Philonthus access to aphids on the plant as well as those susceptible on the ground due to predator disturbance or other factors such as wind or contact with other nonpredator arthropods.
Although there are numerous examples in the literature demonstrating escape responses or habitat shifts of prey in relation to either vertebrate or invertebrate predation (Moynihan 1962 , Willis 1966 , 1969 , Hobson 1968 , Zaret and Paine 1973 , Jeffries 1990 , Lima and Dill 1990 , few studies have shown that such predatormediated habitat shifts result in increased mortality from other predators (but see Rahel and Stein 1988 , Soluk and Collins 1988 , Soluk and Richardson 1997 . This study is the first to show that such synergistic interactions between predators can affect the population size and growth rate of a prey species. Given the widespread occurrence of dropping behavior in phytophagous insects in response to foliar-foraging predators and parasitoids (Gross 1993) , we anticipate future studies of other phytophagous insects will demonstrate synergistic interactions between foliar-and ground-foraging predators.
The body of theory regarding the stability of predator-prey interactions, however, largely ignores the possible effects of predator-predator interactions. The finding that the synergistic suppression of pea aphid populations intensifies at high prey densities suggests that predator-predator synergisms may stabilize aphid population dynamics and deter outbreaks. Thus, if predator-predator interactions in a community are largely additive or synergistic, predator complexes should promote stability and deter outbreaks of prey populations.
In the case of aphids in alfalfa, synergistic suppression depends on the co-occurrence of aphids, foliarforaging predators, and ground-foraging predators, a situation which occurred in our study fields (Losey 1996) . However, the interaction is dependent on the simultaneous colonization of fields by both predators at a time early in the season when aphids are immigrating (Flint 1985 , Hellman et al. 1993 . Based on our results, ground-foraging predators have very little impact on aphid populations in the absence of foliar-foraging predators.
Factors that tend to disrupt the synchrony of the predator guilds could also decrease the synergistic interaction. Although pesticide applications and harvesting practices certainly may destabilize predatorprey interactions and promote pest resurgence (Heinrichs et al. 1982 , Kenmore et al. 1984 , Dö bel and Denno 1994 , it is not known just how such factors might disrupt complex interactions among pests and their enemy complex. Any factor, however, that selectively deterred the colonization (numerical response) of fields by ground-foraging predators, could destabilize aphid population dynamics independent of any effects on foliar-foraging predators.
It would be biased, however, to suggest that most predator-predator interactions are synergistic. Previous studies in agroecosystems have found that interactions between predators can be additive (Chang 1996) or antagonistic (Rosenheim et al. 1993 (Rosenheim et al. , 1995 resulting from intraguild predation (Polis et al. 1989) . The probability of detecting synergistic interactions between predators will be much higher in systems dominated by prey that exhibit strong escape responses to foliarforaging predators. The aphid system in alfalfa is just such a system and represents the first documentation of predator facilitation in terrestrial insects, resulting in significant prey population suppression. This is also the only example in an agroecosystem whereby a predator complex has been shown explicitly to enhance prey suppression beyond the additive expectation of the individual predator species. We expect that this type of synergistic interaction may also be present in other natural or managed systems in which the defensive behavior of the prey leads to habitat shifts and increased risk of predation from other predator species. These types of systems offer an exciting new opportunity for refining theory on predator-predator-prey interactions and improving pest management strategies.
